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ABSTRACT

Fifteen aircraft structures that were calibrated for flight loads using strain gages are examined. The primary
purpose of this paper is to document important examples of load calibrations on airplanes during the past four
decades. The emphasis is placed on studying the physical procedures of calibrating strain-gaged structures and all
the supporting analyses and computational techniques that have been used. The results and experiences obtained
from actual data from 14 structures (on 13 airplanes and 1 laboratory test structure) are presented. This group of
structures includes fins, tails, and wings with a wide variety of aspect ratios. Straight-wing, swept-wing, and delta-
wing configurations are studied. Some of the structures have skin-dominant construction; others are spar-
dominant. Anisotropic materials, heat shields, corrugated components, nonorthogonal primary structures, and
truss-type structures are particular characteristics that are included.

NOMENCLATURE
A area, in?
a;; element in an array of numbers
Aij a notable element in an array of numbers
Ay loaded area or lower area, in?
Ar total area, in?
Ay upper area, in?
B bending moment, in-1bf
c distance to outer fiber from neutral axis, 4/2, in.
Cr relevance coefficient, nondimensional
E modulus of elasticity, 1bf/in?
e, output voltage, V
Ey excitation voltage, V
F. S. fuselage station
G shear modulus, Ibf/in?
GF gage factor, nondimensional
h distance between upper and lower centroids, in.
HiMAT Highly Maneuverable Aircraft Technology
HWTS Hypersonic Wing Test Structure
i arbitrary integer
I moment of inertia, in*
Ipar moment of inertia of a beam element, in*
Ic influence coefficient, output/Ibf

arbitrary integer
polar moment of inertia of cross-sectional area, in*
linear constant, nondimensional

load or left load, 1bf

MoR N =



M bending moment, in-1bf
n arbitrary integer
N strain-gage bridge factor, nondimensional
p cell perimeter, in.
P load, Ibf
q shear flow, Ibf/in
(0] defined as Ah/4, in3
R right load, Ibf
SG strain gage
t skin thickness, in.
L thickness of model, in.
t, thickness of wing, in.
TACT Transonic Aircraft Technology
Vv section shear load, 1bf
X Cartesian coordinate
y Cartesian coordinate
L distance to lower centroid, in.
Yu distance to upper centroid, in.
z Cartesian coordinate
constant, nondimensional
Y shear strain, nondimensional
) deflection, in., or voltage change resulting from straining the active arms of a strain-gage bridge, v
a1 reference voltage change resulting from shunting a calibrated resistor across one arm of a
strain-gage bridge, V
€ normal strain, nondimensional
n span fraction
0 angle of rotation, deg
A wing sweep angle, deg
n nondimensional strain-gage response, 8/8 .,
E chord fraction
c normal stress, 1bf/in?
1 shear stress, Ibf/in2
v Poisson’s ratio, nondimensional
] angle of rotation, deg



INTRODUCTION

The idea of using calibrated strain gages through influence-coefficient formats to measure flight loads on
airplane components likely evolved from similar interests in other scientific fields. The common denominator was
the response of the structure at some discrete location to load, which is the well-known influence coefficient. The
motivation to define the loads on lifting and stabilizing surfaces was greatly enhanced by rapidly evolving aircraft
performance in the 1930 to 1950 time period. Major efforts to measure loads with strain gages were ongoing in the
1940’s; however, the approach was not solidified until 1954. The idea was perpetuated by Skopinske, Aiken, and
Huston! in their 1954 report. The linear regression approach to develop mathematical load equations from strain-
gage responses obtained from physically applying loads to an airplane wing or other structural part is still the
primary and only commonly used method today. Other mathematical approaches such as singular-valued
decompositions? are being investigated and may someday prove advantageous; however, these approaches need to
be demonstrated.

The complexity of load calibrations using strain gages has increased as the complexity of the structure and
materials has also increased. Straight wings and tails with few and dominant spars characterized early airplane
structures. Swept wings and delta wings with many spars emerged later. Complex structures such as integrated
honeycomb skins and corrugated webs led to strain gages being located in less-than-optimum places. Composite
materials, many of which are anisotropic, also emerged to further complicate the situation. High-speed airplanes
experienced significant aerodynamic heating that affected the nature of strain-gage responses. All of these factors
challenged the load-measurement engineer to adapt and create new and better approaches and tools.

The increased cost associated with conducting load calibrations on aircraft introduced an economic factor that
has impacted recent aircraft programs. Aircraft developers are under extreme economic pressure to find less-
expensive alternatives to the expensive strain-gage load calibrations. Advanced computer capabilities have
provided new and better ways to visualize the mathematical situations, enhancing the load measurer’s ability to
optimize engineering judgements. All of these factors, circumstances, and tools in aggregate constitute the science
of measuring loads with calibrated strain gages on aircraft.

The purpose of this paper is to document important examples of load calibrations on aircraft, many of which
were flight-tested at the NASA Dryden Flight Research Facility at Edwards, California, during the past 30 years.
The technical experiences and approaches leading to optimum load calibrations will be presented. The latest tools
will be identified, and examples and future directions for load calibrations will be projected.

The primary emphasis of this paper will be on studying the total physical procedures of calibrating strain-
gaged structures and all the supporting analyses and computational techniques that have been used. The
load-calibration science will be studied using the results and experiences obtained from the actual data and from
efforts involving 14 structures on 13 aircraft and 1 laboratory test structure. The structures included in the effort
are as follows:

e the M2-F2 tip fin

e the X-24 tip fin

¢ the HL-10 center fin

e the X-24 center fin

e the X-15 horizontal tail
e the F-89 wing

* the space shuttle wing



» the T-37B wing

» the YF-12A wing

« the Highly Maneuverable Aircraft Technology (HiMAT) wing
» the Supercritical wing

e the F-111A/Transonic Aircraft Technology (TACT) wing

¢ the B-1 wing

¢ the B-2 wing

+ the NASA Hypersonic Wing Test Structure (HWTS)

This group of airplane structures includes a variety of types that constitutes a typical aviation cross section.
The group includes fins, tails, and wings with a wide variety of aspect ratios. The configurations range from simple
configurations such as torque-tube to complex multispar delta wings. Straight-wing, swept-wing, and delta-wing
configurations are also encompassed. Some of the structures have skin-dominant construction, and others are spar-
dominant. Anisotropic materials, heat shields, corrugated components, nonorthogonal primary structures, and truss
structures are other particular characteristics that are encountered.

THE STRUCTURAL SUBJECTS

Figure 1 shows 14 pertinent flight structures. All of these structures have strain gages installed for measuring
flight loads. The structures have been loaded, and the strain responses have been documented. Figure 2 shows a
structure built specifically for laboratory test activities that will also be examined. The basic approach used to
calibrate structures such as these has previously been outlined.! A load calibration of these structures is performed
by applying discrete loads in a grid pattern over the surface of the structure. The strain-sensor outputs are
recorded, and linear equations are developed from which surface loads can be determined. The most common
approach used with calibrated strain gages does not involve using strain measurements directly. The load equations
are most commonly developed from the outputs of strain-gage bridges.? The load equation generally takes the
following form:

=1
L=1[p+Hy+ps+.. I»lj]{Bln}I:l = (D

where L is the load, B is a constant, and p is a nondimensional strain-gage response described as follows:
)
h= 6)
8cal

In equation (2), 8 is determined from the voltage changes of a strain-gage bridge, and 8 _,, is a reference
determined by shunting a calibrated resistor across one arm of the same strain-gage bridge. This technique was
used to calibrate most of the structures shown in figures 1 and 2.

A tool that is typically used to understand the meaning of the strain-gage load calibration is the influence
coefficient. The influence coefficient is defined as:

Ic=% €)

where [ is the strain-gage bridge output and L is the applied load. The output can be in strain, volts, or counts,
depending on how the user decides to handle the data.
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Figure 1. Lifting or stabilizing surfaces studied for load calibration characteristics.
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(g) Space Shuttle Orbiter wing.

Figure 1. Continued.
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Figure 1. Continued.



M Location of strain gages
© Location of calibration load points

¥ Location of strain gages
T © Location of calibration load points

° NI
e
2% ¢

o 1]

970088

(m) B-2 wing. (n) B-1 wing.

Figure 1. Concluded.

¢ Location of strain gages
o Location of calibration load points

gesal
1
B

870080

Figure 2. Hypersonic wing test structure.



From the beginning of strain-gage measurement technology,* the influence coefficient has been the primary
tool to evaluate the validity of a load calibration and the primary mechanism by which strain gages are combined
to obtain optimum load equations. Strain-gage bridges are specifically located to sense as uniquely as possible
either shear, bending-moment, or torsional loads. The most common result is that the discrete strain-gage systems
do not uniquely sense shear, bending, or torsion but sense some combination of two or all three loads. The
common visual analysis mechanism is to plot the influence coefficient as a function of span and to approximate the
contours of constant chord.

Figures 3(a) to 3(c) show an ideal shear, bending, and torsion response. Figures 3(d) and 3(e) show two
examples of combined responses: torsion/bending and shear/torsion/bending. A perfect shear response is one in
which the chord contours all fall upon each other to form a flat horizontal response (a single line) of influence
coefficient in the span direction. An ideal bending response is one in which the chord lines all fall upon each other
to form a single line increasing linearly in the span direction. An ideal torsion response is one in which the
constant chord lines form a pattern in the span direction that has the shape of the planform of the load points of the
structure being calibrated. A combined torsion/bending response is one in which the constant chord lines increase
linearly in the span direction but do not fall upon each other. A combined shear/bending/torsion response is one in
which the constant chord lines only slightly increase linearly in the span direction and do not fall upon each other.
In reality, actual responses rarely look like any of the cases presented. Significant nonlinearity is usually present,
and the best that can be done is to minimize the nonlinearity in the influence-coefficient plot to look as much as
possible like these ideal cases by linearly combining several gages (eq. (1)) to form an aggregate influence-
coefficient plot.

Modem computer graphics have provided additional ways of visualizing strain-gage load calibrations.
Figure 3 also shows two very effective methods. The influence coefficients can be presented in three-dimensional
format as ribbon plots and wire-frame plots. The influence coefficient is presented on the vertical axis, and the
span and chord locations associated with the discrete influence coefficient are plotted on the other two axes. The
five illustrative cases discussed in the previous paragraph appear in ribbon or wire-frame plots as linear surfaces or
as warped linear surfaces. The warped linear surface occurs because the influence coefficient is presented in terms
of percent-span and percent-chord location rather than as actual rectangular coordinates in the plane of the
structural surface. This presentation results in a distortion or warpage for certain cases because wings are normally
tapered. The advantage of the three-dimensional plots is that the degree to which discrete load points lie outside
the influence-coefficient surface can be easily visualized. The relative usefulness of the various types of plots is
discussed after actual examples that provide insight into the merits of various presentations have been given.

It should be noted that several approximations are present in the bulk of this report. The generation of the wire-
frame and ribbon plots with personal computer software is done by inputting an array of information at equal
intervals. In other words, the values of influence coefficients are determined, for example, for 5- or 10-percent
increments of span or chord from 0 to 100 percent. If the actual load point occurs at 9-percent span and the
6-percent chord, then the value can be inputted as 10-percent span and 5-percent chord. The same type of data
manipulation is done with the actual load calibration when influence-coefficient plots are being considered. In
general, load points will primarily be discussed in terms of the closest 5- or 10-percent span or chord.

The extent to which a grid of load points can be applied to the surface of a structure is limited by the peculiar
nature of the structure itself. The input for the three-dimensional plots is a matrix of influence-coefficient values
for percent span and percent chord in incremental fashion. Consider a structure that is loaded at seven load points.
The matrix of influence coefficients must be developed from the information developed from the seven actual load
points at which data are measured. The following matrix contains uppercase values, A;;, for influence coefficients
that represent actual load points, and lowercase values, a;;, for influence coefficients that must be interpolated from

the values obtained from the actual load points: !

*Gray, A. K. J., “Procedures Manual for Flight Test Determination and Evaluation of Load Distribution and Structural Integrity,” Report
No. EFT-55-1, Northrop Aircraft, Inc., June 1955.



Two-dimensional
presentation

Influence
coefficient

Shear

0- to 100-percent chord

Span location -

Two-dimensionat

presentation
Infiuence
coefficient
Bending
moment
0- to 100-percent
chord
Span location

Two-dimensional
presentation

Influence
coefficient

Torsion

Span location

Influence coefficient

Influence coefficient

Three-dimensional
ribbon presentation

0

[ 711 /]] /9

/]
/]

Three-dimensional

ribbon presentation

(b) Bending moment.

Influence coefficient

Three-dimensional
ribbon presentation

NPT

(¢) Torsion.

Three-dimensional
wire-frame presentation

Influence ¢oefficient

Three-dimensional
wire-frame presentation

Three-dimensional
wire-frame presentation

Influence coefficient

Figure 3. Methods of presenting the common lifting-surface strain-gage responses in terms of influence-
coefficient plots.

10



Two-dimensional

Three-dimensional Three-dimensional
infl presentation Chord ribbon presentation wire-frame presentation
nfluence ’
coefficient P"‘(’)‘"t
25
75
Torsion 100
and

bending

Influence coefficient

AN

Span location

(d) Torsion and bending.
Two-dimensional Three-dimensional Three-dimensional
presentation ribbon presentation wire-frame presentation
Chord
Influence v
coefficient percent
o0

/25
/50

\

75
She.r' / / 100
torsion, /r
and
bending

Influence coefficient

Influence coefficient

Span location

(e) Shear, torsion, and bending.

Figure 3. Concluded

11



Percent span

aj) 21 213 34 35 Ay
2y Agy ap3 84 Aps Ay
Percent chord |231 232 233 Az 335 336
a1 Agy 243 Bas Ags 346
a5) a5y Agz Asy 8ss Asg

361 362 363 364 265 66)

Many coefficients are obviously not defined in this array involving a seven-point load calibration. A complete
array is required to present the ribbon and wire-frame plots that will be extensively used throughout this report.
The array must also be developed in equal increments in both the span and chord directions; therefore, the array
would typically be developed in 10- or 20-percent increments. The extrapolation and interpolation processes are
extensive, and no traditional method of evaluating these processes exists. The concept of a relevance coefficient is
therefore introduced to evaluate the extent of the load calibration in the remainder of the paper. A relevance
coefficient, Cp, is defined as:

Cp = - )

where A, is the area loaded and A7 is the total area. The area loaded is defined as 10 percent of chord and span on
either side of the specific location of the load point. Figure 4(a) shows the relevance coefficient pictorially
illustrated; two cases are shown. One case has a calibration structure in which 18 load points are used, and the
other case is one in which only 8 load points are used. Obviously, the case with 18 load points appears to cover
more discrete areas on the surface and provide the format for a better load calibration. The total validity of this
observation provides groundwork for further study in later sections. The case with 18 load points covers
72 percent of the structural planform and has a relevance coefficient of 0.72. The case with 8 load points covers
32 percent of the structural planform and has a relevance coefficient of 0.32.

Figure 4(b) graphically shows additional characteristics of the relevance coefficient. Data must be
interpolated, extrapolated, and rounded off when developing influence-coefficient plots. The large number of
calibration load points provides complete information to develop the influence-coefficient plots. If only two load
points are available in the span and chord direction (as shown in the left part of figure 4(b)), then irregularities or
interpolative discontinuities can occur. The right side of figure 4(b) shows the result of four load points in the span
and chord direction. The trend of the data is easily established, and the span/chord interpolation is apparent.

The load calibrations of the various airplanes will be introduced next along with pertinent characteristics of
the structural configuration. Throughout this paper, errors relating to load measurement will be stated. It should be
noted that these errors may not be exactly comparable. Some of the quotations are errors of the load calibration. In
other words, an error statement is presented that represents the individual calibration loads that can be calculated
from the load equations derived from the load calibration. Other quotations are errors of the flight load
measurement. These quotations have the equation errors factored into the error estimate, but other factors
are involved.
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CALIBRATION OF THE AIRCRAFT STRUCTURES

The basic purpose of this section is to present the physical load calibration of the strain gages and the
characteristics of the response. The number of load points, the location of the load points, the location of the strain
gages, the structural arrangement, the influence coefficients, and all other circumstances and facts pertinent to the
load calibration are presented in this section.

M2-F2 Tip Fin

Appendix A shows a three-view sketch of the M2-F2 lifting body. Loads were measured on the tip fin, which
figure 1(a) shows in more detail. The stabilizing surface is a low-aspect-ratio structure with multiple spars.
Figure 1(a) also shows the location of strain gages and an extensive grid of calibration load points. The basic
strain-gage load calibration has been documented,* and the flight results have previously been presented.* Thirty-
five load points were used to calibrate 20 strain-gage bridges located in and around the 7 spars. The very low
aspect ratio of this structure coupled with multiple short spars provided at least one unique strain-gage response
characteristic. The three-dimensional ribbon plot (fig. 5) is the primary method used to present data for
this structure.

Figure 5 also shows the conventional presentation of a shear bridge (120S). The bridge can be seen to be sensitive
to torque and slightly sensitive to bending moment but is primarily a shear bridge. Figures 6, 7, and 8 show three

*Friend, Edward L., “M2-F2 Vertical Tail Calibration,” Branch Report BR-2, NASA Flight Research Center, Aug. 1966.

Chord, percent
0 1]5 50 7|5 100

I
Location 100
o] o/ [}
% Strain gages 1o~ |
o Calibration load | © |
points ,o:°'v1|° °‘° °% ° | 5o Span,
1
SRS 4N o} o o percent
| ofojol o |
I 1o ol o/ o °
=7 o
1208
Measured influence coefficients
Strain gage 1208
4.

€
2
o 3.5
£ - 3
2 « 3.0
° 2 25
g % 2.0
3 o 1.5
z ]
£ o 1.0

& 5 Strain

s .

€ 9 gage

£

J
o

0 20 40 60 80 100
Span, percent

970094
Figure 5. Contrasting methods of presenting influence-coefficient plots for the M2-F2 tip fin.
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typical responses for this structure. Figure 6 also shows the shear bridge 120S. Several bridges exhibit similar
characteristics. This bridge did cover shear loading near the tip with some bending contamination. Another bridge
located on the same spar (fig. 7), 118S, shows another pattern where the trailing-edge and root loads result in large
influence coefficients. Figure 8 shows the response of bridge 106S, which is located on one of the short spars in the
forward part of the structure. This type of response was seen numerous times on other spars and represents a fairly
unique structural response. The strain-gage bridge 106S responds primarily to spanwise loads located near the spar
itself. Because this bridge is capable of sensing applied load in only a small local area, a large number of bridges is
needed to define the load over the entire surface.

Strain gage 120S

Influence coefficient
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Figure 6. Influence-coefficient plot for strain gage 120S on the M2-F2 tip fin.
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Figure 8. Influence-coefficient plot for strain gage 106S on the M2-F2 tip fin.

Figure 9 clearly shows the difficulty with measuring a discrete load such as shear on a structure that behaves
like this one. Combining a reasonable number of bridge responses linearly to produce an aggregate influence-
coefficient plot that appears as a flat plane is desirable and is depicted as the perfect shear response shown in
figure 9. Combining the three responses shown to the left on figure 9 leaves areas that still are not covered. This
lack of coverage means that many additional bridges are required to accomplish a perfect or even an acceptable
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shear response. This need for additional bridges was a major problem on flight programs in the 1960’s because
recording channels were very scarce in the limited data acquisition systems of that era. The best equations that
could be established resulted in load measurements with the following estimated errors:

Shear 7 percent
Bending Moment 14 percent

Torsion 48 percent

Because this structure was calibrated using 35 load points, the relevance coefficient was a relatively
large number:

Cg = 0.72

Strain gage 106S

V=Kqllio6 + K2l 11 + K3lt120

Influence coefficient

Influence coefficient

Influence coefficient

Influence coefficient

Perfect shear response

'Pore,n ¢ 59; 970008
Figure 9. Illustration of how several strain gages are combined to achieve a favorable shear response.
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Figure 10 shows the distribution of the calibration load points in terms of span and chord. The large number of
load points provides extensive coverage that leads to the large relevance coefficient of 0.72. The large relevance
coefficient logically would imply a situation where very accurate loads would be measured. This accuracy was
certainly not the case for at least the bending moment and torsion. The most likely reason for the poor accuracy is
the limited number of recording channels available to record flight data. More flight recording channels would
allow more strain-gage bridges to be used in the equations, which would likely better define the overall response to
surface loads on the structure than when limited channels are available.

X-24A Tip Fin

Appendix A shows a three-view sketch of the X-24 lifting body. Figure 1(b) shows the tip fin in more detail
and where calibration load points are located along with strain gages. The stabilizing surface can be seen to be a
low-aspect-ratio structure with three main spars and a large rear-located control surface. Considerably fewer load
points were used to calibrate this structure than were used on the M2-F2 fin (16 as opposed to 35). Sixteen strain-
gage bridges were available compared to 21 for the M2-F2 fin. The basic strain-gage calibration has been
documented, * and the flight results have previously been presented.>

The X-24 strain-gage situation was unique in that the strain-gage instrumentation was installed to measure
discrete stresses; hence, only single-active-arm strain gages were used. This choice has the drawback of having
very low strain-gage outputs (around one-third to one-fourth of the output, depending on the configuration that
would be obtained from a four-active-arm strain-gage bridge). This low output can be noted when X-24 tip fin
influence-coefficient values are compared with values for other structures in this report. The low resolution of the
calibration sensors creates a factor that could negatively impact the results of the load calibration.

Figures 11, 12, and 13 show influence-coefficient plots that cover the range of responses seen on this structure.
Figure 11 shows an influence-coefficient plot that illustrates a typical shear response. Numerous strain gages
respond in a similar manner. Figure 12 shows the response of the strain gage that shows a sensitivity to the loads
on the control surface at the rear of the structure. Figure 13 shows a response that illustrates a very specific
bending effect. Numerous sensors showed a similar dominant bending effect. By inspecting the three drastically
different types of responses of the individual strain gages of figure 14, the linear combining of the gages falls short
of the flat response required for a well-defined shear equation.

Figure 15 shows a strain gage that exhibits a very good characteristic in terms of sensing bending moment. The
“perfect” bending response is shown as a ribbon plot along with the ribbon plot of the actual strain gage (SG 111).
The wire-frame plot is introduced as another tool to look at the influence-coefficient plots. The wire-frame
software plots the span values opposite to the ribbon plot, providing a reverse way of looking at the data.

The best equations that could be developed resulted in load measurements with the following estimated errors:

Shear 11 percent
Bending Moment 7 percent
Torsion 18 percent

The 16 load points used in the calibration resulted in the following relevance coefficient:

Cg = 049

*DeAngelis, V. Michael, “X-24A Loads Calibration,” Branch Report BR-26, NASA Flight Research Center, 1968.
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Figure 10. Distribution of load points in the span and chord directions for the M2-F2 tip fin.
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Figure 11. Influence-coefficient plot for strain gage 103A on the X-24A tip fin.
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Figure 12. Influence-coefficient plot for strain gage 106A on the X-24A tip fin.
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Figure 13. Influence-coefficient plot for strain gage 111A on the X-24A tip fin.
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Figure 14. Illustration of how several strain gages are combined to obtain a favorable shear response.
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Figure 15. Iliustration of a bending response.

Figure 16 shows the distribution of the calibration load points in terms of span and chord. The general ability
to measure loads on the X-24 tip fin is slightly better than for the M2-F2 tip fin, although the relevance coefficient
is much lower. The shear is slightly worse for the X-24 tip fin, but the bending and torsion are significantly better.
The improved accuracy of the equations on the X-24 tip fin is likely attributed to the fact that fewer spars existed
on the X-24 tip fin than on the M2-F2 tip fin (three as opposed to seven). It should also be recalled that the X-24
instrumentation system used single-active-arm strain gages, which tend to produce low sensor signals that can
deteriorate the calibration accuracy.

HL-10 Center Fin

Appendix A shows a three-view sketch of the HL-10 lifting body. Figure 1(c) shows the center fin in more
detail and where calibration load points are located along with strain gages. The planform can be seen to be a
moderate-aspect-ratio structure with three main spars and a control surface covering approximately 30 percent of
the chord. Fifteen load points were used to calibrate this structure. Ten four-active-arm strain-gage bridges were
available to develop loads equations. The basic strain-gage load calibration has been documented.*

*Tang, Ming H., “HL-10 Vertical Tail Calibration,” Branch Report BR-4, NASA Flight Research Center, Aug. 1966.
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Figure 16. Distribution of load points in the span and chord directions for the X-24A tip fin.



The HL-10 center fin has a large, slim planform; hence, the problems associated with very low-aspect-ratio
structures should not be present. All 10 strain-gage bridges were sensitive to some degree to both bending and
torsion. Figures 17, 18, and 19 show as ribbon plots the responses of 3 strain-gage bridges that are characteristic of
the group of 10. Figure 17 shows the strain-gage bridge located on the center spar, and the response is largely a
bending one. Figure 18 shows a strain-gage bridge also located on the center spar. The dominant response of this
bridge is shear with bending and torsion contaminants. Figure 19 shows a strain-gage bridge located on the aft
spar. This bridge responds largely to torsion with some bending contamination.

Influence coefficient

Figure 17. Influence-coefficient plot for strain gage 004 on the HL-10 center fin.
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Figure 18. Influence-coefficient plot for strain gage 006 on the HL-10 center fin.
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Figure 19. Influence-coefficient plot for strain gage 010 on the HL-10 center fin.
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Figures 20, 21, and 22 show a better way of assimilating this information with influence-coefficient responses
shown in multiple formats. A two-dimensional presentation and a wire-frame plot are shown for the individual
strain-gage bridge. The ideal response most closely resembling the response for the particular bridge is also
shown. The strain-gage bridge response (fig. 20) can be seen to be responding to bending (for example, influence
coefficients linearly increasing in the span direction) except along the leading edge where the response is
somewhat nonlinear. The bridge (fig. 21) has shear characteristics (for example, all of the influence coefficients are
located on one side of the zero plane). The slight upward slope with increasing span indicates a bending effect, and
the spread of the constant chord lines indicates a torsion effect. Actual influence-coefficient characteristics are
quite nonplanar compared to the ideal case. The bridge shown in figure 22 indicates a large torsional influence and
a definite bending input. The two-dimensional presentation shows the torsion response as a spread in the constant
chord lines and the bending effect as an increasing slope with span. The three-dimensional wire-frame plot shows
the combined torsion/bending complex as a plane sloping in two directions with the zero plane centrally located.
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Figure 20. Examination of HL-10 center fin strain gage 004, which illustrates a dominant bending response to
applied load.
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Figure 21. Examination of HL-10 center fin strain gage 006, which illustrates an example of a shear response with

torsion and bending superimposed.
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Figure 22. Examination of HL-10 center fin strain gage 010, which illustrates an example of a response with strong
torsion and bending characteristics.

The best equations that could be developed resulted in load measurements with the following estimated errors:

Shear 10 percent
Bending Moment 6 percent

Torsion 16 percent

The 16 load points used in calibrating the strain-gage bridges on this structure resulted in a fairly large
relevance coefficient:

Figure 23 shows the distribution of the calibration load points in terms of span and chord. The relatively good
strain-gage calibration is attributable to several favorable circumstances. The large aspect ratio of a lifting and
stabilizing structure provides a favorable geometry for a good calibration. The strain-gage bridge outputs were
fairly large, which eliminates resolution problems. A relevance coefficient of 0.60 results in a favorable loading
distribution.
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Figure 23. Distribution of load points in the span and chord directions for the HL-10 center fin.
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X-24 Center Fin

Appendix A shows a three-view sketch of the X-24 lifting body. Figure 1(d) shows the center fin in more detail
and where calibration load points are located along with strain gages. The planform can be seen to be a low-
aspect-ratio structure with three main spars and no control surface. Twelve load points were used to perform the
calibration, which was recorded from 12 strain gages located on the structure. As was the case on the X-24 tip fin,
only single-active-arm strain gages were available for the load calibration. This circumstance leads to the
probability that low sensor output could be a detriment to the results of this calibration.

Eight of the strain gages predominately responded in a shear sense, and four of the eight sensed some bending.
The outputs were quite low for several of these bridges. The remaining four bridges responded in a combined
- bending/torsion complex with large outputs. Figures 24, 25, and 26 show ribbon plots of the three representative
types of influence-coefficient responses. The strain-gage influence coefficient shown in figure 24 is one that largely
responds to shear with a marked irregularity near the leading edge of the root chord area. The response shown in
figure 25 is a torsion response that is heavily influenced by bending effects. The response shown in figure 26 is a
bending response that contains major torsional effects.

Figures 27, 28, and 29 show the same three strain-gage influence coefficients in a somewhat more illustrative
manner. The conventional two-dimensional manner of presenting the influence coefficient is shown in the upper
left corner of the figure, and the wire-frame plot is shown in the upper right corner. The appropriate ideal or
preferred shear response is shown in the bottom right of the figure. The strain gage shown in figure 27 is primarily
a shear sensor with a slight elevation in the increasing span direction. A root anomaly also exists that causes a
problem in the equation sense. Figure 28 shows a sensor with a strong torsional effect (for example, the spread of
the chord lines is large) and a strong bending input (for example, the upward slope of all the constant chord lines
in the increasing span direction). Figure 29 shows a strong bending response with a torsional spread (for example,
a sharp increase in the span direction with some spread of the constant chord lines).

The calibrated sensors in this structure did not offer a wide variety of responses. All of the sensors fell into two
categories: sensors that responded to shear, and sensors that responded to a bending/torsion complex. This
situation does not provide a large potential for combining sensors to form an ideal response. The best equations
that could be developed for this structure resulted in the following estimated errors:

Shear 17 percent
Bending Moment 15 percent
Torsion 69 percent

The 12 load points used to calibrate this structure resulted in the following relevance coefficient:
Cg = 050

Figure 30 shows the distribution of the calibration load points in terms of span and chord. The relatively small
size of the relevance coefficient is not as important as the small strain-gage responses resulting from the
single-active-arm strain gages. These small responses probably contribute in a large way to the poor accuracies of
the equations. The relatively small aspect ratio is not a favorable geometric factor.
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Figure 24. Influence-coefficient plot for strain gage 117 on the X-24A center fin.
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coefficient plot for strain gage 119 on the X-24A center fin.
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Figure 26. Influence-coefficient plot for strain gage 124 on the X-24A center fin.
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Figure 27. Examination of X-24A center fin strain gage 117, which illustrates a strong shear response.
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Figure 28. Examination of X-24A center fin strain gage 119, which illustrates a strong bending/torsion response.
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Figure 29. Examination of X-24A center fin strain gage 124, which illustrates a strong bending response.
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X-15 Horizontal Tail

Appendix A shows a three-view sketch of the X-15 aircraft. Figure 1(e) shows the horizontal tail in more
detail and where calibration load points are located along with strain gages. The structure has a moderate-aspect-
ratio planform and has three spars attached to a major root rib with all root loads passing into a torque tube. This
configuration dictates that all strain-gage bridges be located on and around the torque tube. A torque tube
configuration is common to many horizontal tails and represents a special class of structure with respect to
calibrated strain gages for load measurement. Twelve load points were used to calibrate 14 strain-gage bridges
located in the torque tube area. The basic load calibration has been documented,* and additional data have
previously been given.®

Most of the strain-gage bridges responded in a relatively pure bending manner. The remaining bridges either
responded in relatively pure torque or torque contaminated with bending. Figure 31 shows three responses that are
representative of the group of strain-gage bridges. On the far left, strain-gage bridge S2 is an example of a torsion
response that also senses a bending effect. In the middle, strain-gage bridge B2 has a relatively pure response to
bending. On the far right, strain-gage bridge XS2 exhibits a very discrete torsional response.

Figures 32, 33, and 34 show the same three strain-gage influence-coefficient plots in a somewhat more
illustrative manner. The response shown in figure 32 exhibits the chordwise spread indicating torsion, but also
exhibits a slope in the span direction that means bending is present. The wire-frame plot indicates a general
response that does not deviate much from the warped surface. Figure 33 shows an uncontaminated bending
response. Only a very slight torsional response is seen. The actual wire-frame plot is almost identical to the ideal
bending response. Figure 34 shows a pronounced torsional response. Additionally, the wire-frame plot shows a
general response that deviates little from the warped plane.

This structure illustrates the fact that all movable tails having torque tube arrangements are unique in terms of
strain-gage load calibrations. The most favorable equations that were developed for this structure resulted in the
following estimated equations errors for the load calibration:

Shear 3 percent
Bending Moment 3 percent
Torsion 2 percent

The 12 load points used to calibrate this structure result in a relevance coefficient having the following value:
Cg = 050

Figure 35 shows the distribution of calibration load points in terms of span and chord loading. Several
important insights are gained with this structure. Experience has led to the thought that it is difficult to obtain
accurate shear equations on structures such as this one that have torque tubes, but a good argument has not been
made to support this thesis. Good shear equations were obtained for this structure although no discrete responses
existed that showed promising shear influence-coefficient plots. In all of the load calibration cases previously
examined in this report, flight recording limitations resulted in equations with three strain-gage bridges. Five- and
six-bridge equations were used for the X-15 horizontal tail. The information to obtain good shear equations is
thought to exist (although not easily apparent), and the requirement is to use a large enough number of bridges in
the shear equation to eliminate the bending and torsional contaminants. A very good load calibration was obtained

*Reardon, Lawrence F., “Calibration and Influence Coefficients for the X-15-3 Horizontal Stabilizers, 0104 and 0105,” Branch Report
BR-10, NASA Flight Research Center, Oct. 1966.
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Figure 31. Spectrum of typical strain-gage bridge responses for the X-15 tail presented in three-dimensional

ribbon format.
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Figure 32. Examination of X-15 horizontal tail strain-gage bridge S2, which illustrates a combined bending and
torsion response.
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Figure 33. Examination of X-15 horizontal tail strain-gage bridge B2, which illustrates a near ideal
bending response.
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Figure 34. Examination of X-15 horizontal tail strain-gage bridge XS2, which illustrates a dominant
torsional response.
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Figure 35. Distribution of load points in the span and chord directions for the X-15 horizontal tail.



F-89 Wing

Appendix A shows a three-view sketch of the F-89 aircraft. Figure 1(f) shows the wing in more detail and
where calibration load points are located along with strain-gage bridges. The structure is of a straight-wing
configuration with a moderate-aspect-ratio planform with five primary spars. Major control surfaces are located at
the aft of the wing. Thirty load points were used to calibrate the strain gages located near the root of the five spars.
This structure was not a NASA-calibrated structure but is included because it is the first example of the extensive
application of reference 1. The detail has been documented in partial form.* A table of primary influence
coefficients is not available.

This structure is included in this report because of the historic timing of the calibration, and because it
represents a case where the subject of nonlinearity can be introduced. The influence-coefficient plot for strain
gage 62 is shown in the upper left corner of figure 36. The locations of the load points and the root strain gages
(including 62) are shown at the upper right. This structure was not loaded aft of the 62-percent chord; therefore,
approximately the aft 40 percent of the structure was not loaded. The inboard 20 percent was also not loaded. This
structure presents a case where large areas of the structure are not directly loaded. This case requires extensive
extrapolation to develop a linear equation that defines the response of strain gage 62 to discrete loads over the
entire wing surface. A minimum of three methods of extrapolating the load calibration were used: linear
extrapolation, extrapolation of the last two points, and nonlinear curve fitting. The left bottom of figure 36 shows

*Gray, A. K. J., “Procedures Manual for Flight Test Determination and Evaluation of Load Distribution and Structural Integrity,” Report
No. EFT-55-1, Northrop Aircraft, Inc., June 1955.
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Figure 36. General load calibration characteristics of strain gage 62 on the F-89 wing.
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how a linear regression would extrapolate for values to a maximum 60-percent chord. If the two inboard load
calibration stations were used, then the two most inboard load points, shown in the bottom middle of the figure,
would be used to project the extrapolation. The third approach, shown at the bottom right, is the full curve fit,
which would be used to develop a nonlinear approximation and extrapolation.

The significance of these three comparisons is typically illustrated by examining the zero-span intercept. The
load points at the 20-percent span location do not seem to follow the trend of the other load points for constant
chord values. In other words, as the load points get closer to the location of the strain gages, local anomalies begin
to appear in the data near the root of the lifting surface. The three methods of extrapolation shown at the bottom of
figure 36 illustrate the importance of representing the extrapolation in an appropriate manner.

Figure 37 shows insight into the overall span/chord extrapolation relationship for strain gage 62. In the case
with no extrapolation (top ribbon plot), the curved areas represent the basic load calibration. The values at the
boundaries of the calibration loads points are extended to cover 100 percent of the wing (seen as the flat areas in
the figure). In the case with extrapolation (bottom ribbon plot), the curved areas represent the basic load
calibration. The extrapolation shown in the bottom right side of the figure consisted of extrapolating the data from
the last two points in the chord and span directions. The extrapolation appears to minimize the actual extent of the
load calibration data (fig. 37). This minimization means that the method and the extent of the extrapolation have
far-reaching impact on the equations defining loads.

Figure 38 shows an even more extreme case, where the results of strain gage 12 are presented. The results can
be seen to diverge at and about the 20-percent span area. The zero-span intercept varies widely, and the feasibility
of applying a nonlinear curve fit as the extrapolation approach to the 50- and 60-percent chord lines seems a
poor option.

This phenomenon in the area of the wing root will be seen later in the calibrations of the structures of other
wings. The phenomenon is important, and the actual mechanism has a great impact on load calibrations and the
resulting equations.

The F-89 wing was calibrated with 30 load points, but because of the distribution of the spars, the relevance
coefficient was small:

Cy = 049

Figure 39 shows the distribution of the calibration load points in terms of span and chord.

Space Shuttle Orbiter

Appendix A shows a three-view sketch of the space shuttle orbiter. Figure 1(g) shows the wing in more detail
and where calibration load points are located along with strain-gage bridges. The wing structure has a low-aspect-
ratio planform with multiple spars that have corrugated webs and ribs that are trusses. The wing structure has large
elevons at the trailing edge and a large fairing merging with the forward fuselage. Figure 40 shows the wing
structure along with general strain-gage bridge locations. Twenty-seven load points were used to calibrate this
structure at the locations shown (fig. 40). The shuttle orbiter wing is typical of a low-aspect-ratio delta-wing
aircraft in that multiple spars and ribs are present along with a landing gear embedded in the wing. The wing also
has control surfaces along the rear of the structure. Sufficient resources were available to complete a credible load
calibration*t with sufficient instrumentation available. In addition, the calibration results for two shuttle orbiter
aircraft (designated OV-101 and OV-102) will be presented in this section.

*Carter, A. L., “OV-101 Strain Gage Calibration for Flight Load Measurement,” Memorandum to Aerostructures Files, NASA Flight
Research Center, Apr. 1977.

tCarter, A. L., “OV-102 Wing Calibration Results,” Memorandum to Aerostructures Branch Files, NASA Flight Research Center,
Oct. 1978.
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Figure 37. Basic effect of extrapolation on the influence-coefficient plot for strain gage 62 on the F-89 airplane.
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Figure 38. General load calibrations characteristics of strain gage 12 on the F-89 wing.

Figure 41 shows examples of the results of the calibration of shuttle orbiter OV-101. Figure 41(a) shows a
bending response that has very little contamination in terms of torsion. Figure 41(b) shows a torsional response,
and figure 41(c) shows a shear response. These three responses (figs. 41(a), (b), and (c)) give a strong indication
that load equations can be developed for this wing that define the applied load well. Figure 41(d) shows an
anomaly that is characteristic of delta-wing influence-coefficient plots. Strain-gage bridges that are located in the
area of the leading edge/fuselage junction respond only to load points that are in that area of the wing. This
irregular response results in the requirement for additional terms in the load equations to define the total load.

Figures 42 and 43 show additional examples of influénce coefficients for shuttle OV-101. The responses are
shown for several strain gages located at different fuselage stations. A variety of responses are seen with shear,
bending, and torsion responses illustrating minor contamination by other load effects.

The data presented (figs. 44, 45, and 46) provide a unique comparison of load calibration results for several
strain gages at similar locations on two different orbiter vehicles (OV-101 and OV-102). Examination of figures 44
to 46 reveals that the general distribution and shape of the influence-coefficient plots is either identical or similar.
The strain-gage bridge located at fuselage station 1365 (fig. 45) is a bending-type bridge that responds almost
identically on the two aircraft. The two bridge responses (fig. 46) (also at fuselage station 1365) are shear bridges
that are highly sensitive to torsion. The shapes are similar, but a larger response exists for OV-101 than
for OV-102.
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Figure 39. Distribution of load points in the span and chord directions for the F-89 wing.



Right wing strain-gage locations
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Figure 40. Basic structural arrangement, strain-gage locations, and load-point locations on the Space Shuttle Orbiter

wing structure.
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Typical bending influence-coefficient response
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(b) Typical torsion influence coefficients.

Figure 41. Typical influence-coefficient plots for the Space Shuttle Orbiter wing.



Typical shear influence-coefficient response
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Figure 42. Influence-coefficient plots derived from the Space Shuttle Orbiter wing load calibration.
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Figure 43. Influence-coefficient plots derived from the Space Shuttle Orbiter wing load calibration.
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Figure 44. Comparison of shear influence-coefficient plots for comparable strain-gage bridges on Space Shuttle

Orbiters OV-101 and OV-102.
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Figure 45. Comparison of bending influence-coefficient plots for comparable strain gage on Space Shuttle Orbiters

OV-101 and OV-102.
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The strain-gage bridge shown in figure 44 is somewhat difficult to identify in terms of purpose. The bridge is
located such that it should respond in torsion; however, the torsional effects seem to be contaminated by bending.
The bending effect is more readily seen in the response for OV-102 where the constant chord lines have a definite
slope. The variations in the influence-coefficient responses for the two shuttle wings could result from several
sources. Some minor structural differences exist between OV-101 and OV-102 that may result in slightly altered
load paths. Any minor differences in the location of the various strain gages that form the bridge could also have a
significant impact on the response characteristics.

Strains were deduced from four-active-arm strain-gage bridges (appendix B) at several fuselage stations from
the load instrumentation for a 30,000-1bf check load. These measured values were compared to values that were
calculated for a NASTRAN? beam network model. Figure 47 shows a comparison of computer model strains with
strains measured on the wing. The computed distribution of bending and shear strains compares closely to the
values measured during the application of a 30,000-Ibf check load.

Load equation accuracies based on the calibration conditions for OV-101 and OV-102 are as follows:

OV-101 OV-102
Shear 1.0 percent 1.3 percent
Bending Moment 3.5 percent 1.3 percent
Torsion 1.6 percent 1.9 percent

These errors are based on the root-mean-square errors calculated from the individual load point results with
respect to the load equations. The 27 load points used to calibrate this structure results in a relevance coefficient
having the following value:

Cp = 0.69

Figure 48 shows the. distribution of calibration load points in terms of span and chord loading. The load
calibration of the space shuttle wing is a very complete one in terms of having a large number of load points that
were well-distributed over the surface of the wing. The extent of the loading reflects adequate resources to conduct
a well-conceived load calibration. The relatively large relevance coefficient reflects a generally complete coverage
of the wing surface during the load calibration. The largest deficiency with the calibration of the space shuttle
wings was the lack of calibration load points in the first 20 percent of the span adjacent to the root of the wing.
Loading near the root of the wing or in the immediate vicinity of strain-gage instrumentation will be discussed in a
later section.

T-37B Wing

Appendix A shows a three-view sketch of the T-37B aircraft. Figure 1(h) shows the wing and where the
calibrated load points are located along with the strain-gage bridges. The planform is a relatively high-aspect-ratio
wing with two main spars, two stub spars near the root, and a full-span control surface/flap. Ten load points were
used to calibrate this wing. Twelve four-active-arm strain-gage bridges were available to develop loads equations.
The basic strain-gage load calibration for this wing has previously been documented.*

*Sims, Robert L., “T-37B Strain Gage Calibration,” Branch Report BR-73, NASA Dryden Flight Research Center, Nov. 1992.
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Comparison of measured and predicted strains for 30,000-bf check load
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Figure 47. Comparison of measured bending and shear strains with calculated values from a finite-element structural

model of the Space Shuttle Orbiter.
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Figure 48. Span and chord distribution of load points used to calibrate the wing of the Space Shuttle Orbiter.



Figure 49 shows strain-gage bridge locations on the root spars. For the four-active-arm bending bridges, two of
the strain sensors are located in the area of the top spar cap, and two are located in the area of the bottom spar cap.
The four strain gages used to form the shear bridges are also seen on the webs of the spars. The individual strain
gages are located in a pattern such that each of the four sensors is located at 90° intervals. The system is located
45° from the longitudinal axis of the spar near the neutral axis of the spar. The array of strain-gage bridges
illustrates the general methodology associated with locating strain gages in a bridge array to maximize responses
to bending, shear, and torsion. Strain gages are sometimes located on the skins in a shear configuration for
greater sensitivity to torsional loads. The presentation of the strain-gage locations provides an example of a
typical installation.

Figures 50 and 51 show influence-coefficient plots for the wing root. Bending responses are dominant in
figure 50. The influence-coefficient plot for strain gage 11 shows an almost perfect bending response; strain
gage 21 is somewhat contaminated by torsion. Figure 51 shows four shear bridge influence-coefficient plots. The
net output for strain-gage bridge 43 is close to zero; hence, the bridge is not in a particularly valuable location. The
remaining three responses are all sensitive to both torsion and bending, although the shear characteristics are good.
Note that the front spar strain-gage bridge 13 has an influence-coefficient plot similar to the front spar response of
the F-89 wing (fig. 38). In both cases, a large divergence of the influence-coefficient plot exists as the wing root is
approached. The strain-gage bridge influence-coefficient plot for the rear spar (number 23) also exhibits
characteristics similar to the rear spar of the F-89 wing (fig. 36). The location of the spars in the chord direction on
both wings and the aspect ratios of the main spar grouping likely contribute to the similarities.

The T-37B wing was calibrated with ten load points. Because of the distribution of the primary spars and the
small number of load points, the relevancy coefficient was quite small:

Cg = 032

Figure 52 shows the distribution of the calibration load points in terms of span and chord location for the T-37B
wing load calibration.

YF-12 Wing

The load measurement program conducted with a YF-12 airplane*#-1! is probably the most comprehensive
strain-gage load measurement effort in aeronautical history by virtue of the extensive efforts in the following:

» the physical load calibration
» the studies resulting from the load calibration
» the use of advanced ground-based facilities
» the extensive instrumentation research activities
e the wide spectrum of publications
o the analytical support required to study and deal with the aecrodynamic heating of the airframe
Figure 53 shows the extent of the load measurement. The loads were measured at three fuselage stations, three

wing stations, the vertical tails, and the control surfaces. Only the measurements associated with the wing loads at
wing station 35.0 will be included in this paper.

*Carter, Alan L., “YF-12 Strain Gage Calibration Results,” Branch Report BR-39, NASA Dryden Flight Research Center, Mar. 1972.
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Figure 49. Location of strain-gage bridges for the T-37B wing root spars.
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Figure 52. Distribution of load points in the span and chord directions for the T-37B wing load calibration.
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Figure 53. Load-measurement locations for the YF-12A flight loads program.!!

Appendix A shows a three-view sketch of the YF-12 aircraft. Figure 1(i) shows the wing in more detail. The
calibration load points are shown along with the strain-gage bridge locations. The instrumentation for the wing-
root load measurement was quite extensive. Figures 54, 55, and 56 show numerous individual influence-coefficient
plots. Additional influence-coefficient plots have previously been shown,? although the cross section of influence-
coefficient plots shown in this report represents that which is typical of the YF-12 wing responses. Figures 54, 55,
and 56 also show equation influence-coefficient plots that are derived from the constituent sensors. To the right of
the equation influence coefficients are representations of the ideal case. Figure 54 shows the location of the five
constituents of a primary shear equation. By incorporating a variety of responses into the shear equation, a
response is created that is better than any of the constituents. This response is, of course, the purpose of using
multiple terms in the equation. Figure 55 shows the same type of presentation for a primary bending-moment
equation. The addition of the shear bridge to the equation would appear to contribute very little in terms of
improving the overall equation. Figure 56 shows the same type of presentation for the primary torsion equation.
The group of five strain-gage bridges used to formulate the torsion equation produced an equation that is much
closer to the ideal than any of the individual constituents.
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Figure 54. Properties of a shear equation as derived from constituents and compared with the ideal case for the
YF-12A wing.!!

69



J0— A0 Chord
fraction
5 0.1
v 0.3
3§ 0.6
8 o5 05— 1.0
g Chord fraction
0.1 £
£ __"'_—// 0306 t
ii 0 - ‘4__——”’—:::——; 1.0 0
3’ J
£
[
&
-.05 I ] -.05 I _
0 5 1.0 0 5 1.0
Span fraction Span fraction
A
Bending equation —
T
2
Q
% Chord Ideal
o fraction
8 0.1 n
§ 2 0.3
2 0.6
£ 1.0
[ =
o
-
[ ]
-
o
1]
] ]
i §
0 5 1.0
Span fraction

970148
Figure 55. Properties of a bending equation as derived from constituents and compared to an ideal case for the

YF-12A wing.!!
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Figure 56. Properties of a torsion equation as derived from constituents and compared to an ideal case for the
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One of the primary reasons that the YF-12 loads program was so valuable is that finite-element models of the
structure were developed to research the science of load measurement with strain gages. The simplified model (see
appendix C) of the wing (fig. 57) is of particular interest because of the insight that can be gained from a relatively
inexpensive and simple model. The individual calibration loads typically shown at the bottom right of figure 57
were applied to both the model and the airplane in a laboratory; therefore, both measured and calculated influence-
coefficient plots are available for comparison. Direct strains can also be compared (figs. 58 and 59). Shear strains
(fig. 58) from the model are compared to shear strains measured for the same single-point loading conditions in the
laboratory. Figure 59 shows similar comparisons for bending strain. The overall comparison indicates promise in
terms of being able to predict strain from computer models. The strain gages on the YF-12 wing were wired in
four-active-arm bridges, and the methodology used to convert this information to discrete strains is given in
appendix B.

Figures 60 and 61 show a comparison of measured and calculated influence-coefficient plots for several strain-
gage bridges located at several points along the root of the wing. Considering the simplicity of the model, the
comparison of calculated with measured influence-coefficient plots is amazingly good. This good comparison is
attributed to the care with which the structural mechanics were input to formulate the elements of the NASTRAN
model. The careful detail of the modeling is considered to be so important that appendix D has been included to
explain how the structure was idealized. The comparison shown in figures 60 and 61 illustrates that the finite-
element model can be effectively used to predict the nature of influence-coefficient plots for applied load points.
The calculated values at the top right of figure 61 were somewhat larger than the measured values at the top left.
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NASTRAN bar model

Main landing

Nose gear
gear reaction

reaction

Loading schematic as
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Figure 57. YF-12A structural skeleton with the model representation and a typical load calibration condition.
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Figure 59. Comparison of measured and calculated bending strain response along the YF-12A wing root. 10
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Figure 61. Comparison of measured and calculated influence-coefficient plots for shear strain-gage bridges on the
YF-12A wing.10
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The YF-12 wing was calibrated using 33 load points. Because the calibration was very extensive, the relevancy
coefficient is a relatively large number:

Cg = 0.70

Figure 62 shows the distribution of calibration load jacks. Any apparent discrepancy in the number of load
points is caused by the fact that some of the loading conditions involved two jacks applying the load in close
proximity. The aggregate of the two jacks can be considered a single load point for some purposes (such as the
derivation of equations and influence-coefficient plots) but can be considered two loadings for other purposes
(such as summarizing the extent of the surface load distributions).

Highly Maneuverable Aircraft Technology Wing

Appendix A shows a plan view of the Highly Maneuverable Aircraft Technology (HiMAT) aircraft. Figure 1(j)
shows the HIMAT wing in more detail and where the calibrated load points are located along with the strain-gage
bridges. The wing is of a moderate aspect ratio with two main spars. Seventeen load points were used to calibrate
the strain-gage bridges on the HIMAT wing. This wing is unique in that the skin is a composite with reinforcing
layups tailored to the purpose of the wing. The sketch on the left side of figure 63 shows the principal direction of
the ply lay-ups. When anisotropy is introduced to a wing, conventional influence-coefficient plots normally used to
aid in bridge selection may not be valid. The validity depends on the degree and nature of the anisotropy. Appendix
E gives a presentation of the physics of anisotropy with regard to the interpretation of infiuence coefficients with
respect to strain-gage load calibrations.

The anisotropy associated with the skin does not appear to be significant enough to have a major effect on the
traditional appearance of the influence-coefficient plot for the bending-moment bridge, B2. The plot shows a
bending response that is characteristically the same as for other bending-moment plots (fig. 63). The only
distinguishing difference is a larger-than-usual torsional spread. No clear reason exists to believe that this torsional
spread is caused by the anisotropy.

The influence-coefficient plots shown in figure 64 exhibit characteristics that could be affected by the
anisotropic skins. In the traditional sense, the plots do not appear to be favorable, particularly for sensing shear.
The overall outputs are very low. Strain-gage bridges S1 and S2 both change sign in the span direction. This effect
could be interpreted as not a traditionally favorable response. The basic difference between elasticity
and anisotropic elasticity is addressed in some detail in appendix E, where the basic anisotropic equations
are presented.

The 17 load points used to calibrate the HIMAT wing resulted in the following relevancy coefficient:

Cg = 051

Figure 65 shows the distribution of the calibration load points in terms of span and chord. Additional information
regarding the HIMAT wing and the general program has previously been given. 12714

Supercritical Wing

Appendix A shows a three-view sketch of an F-8 aircraft modified to fly with a supercritical wing. Figure 1(k)
shows where the calibration load points are located on the wing along with the strain-gage bridges. The
supercritical wing is a high-aspect-ratio, high-degree-of-sweep wing with trailing-edge high-lift devices. Twenty-
eight load points were used (fig. 66) to calibrate this wing panel. Figure 1(k) shows the general location of the
strain-gage bridges. The information relating to the supercritical wing load calibration has been developed from
unpublished, undocumented files and notebooks of Aerostructures Branch personnel at NASA Dryden. Some
information regarding the program has been published.!5: 16 The strain-gage bridges are located on or about the
three primary spars. This wing structure has the highest aspect ratio of any lifting surface included in this report.
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Figure 63. Influence-coefficient plot for a bending strain-gage bridge on the HIMAT aircraft wing.
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Figure 64. Influence-coefficient plots for strain-gage bridges configured for sensing shear on the HiMAT
aircraft wing.
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Figure 65. Distribution of load points in the span and chord directions for the HIMAT wing.
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Figure 66. Typical influence-coefficient plots for two shear bridges on the Supercritical wing.

Figure 66 shows the influence-coefficient plots for two shear bridges. One bridge is located on the front spar,
and the other is located on the rear spar. Neither bridge shows any characteristics that would make it suitable to
directly sense any of the major loads without combination with other bridges in an equation. Both bridges are
torsion sensitive. Strain-gage bridge 290 also shows a sensitivity to span location. Figure 67 shows influence-
coefficient plots for several other strain-gage bridges. A bending bridge is shown in the lower left corner with a
very favorable bending response. A shear-configured strain-gage bridge that is sensitive to torsion is shown in the
upper right corner. The bridge has a relatively low response that detracts from its usefulness. The lower right plot
(fig. 67) exhibits very unique characteristics that require a degree of speculation to explain. As the location of load
moves from root to span on a wing or tail structure, the output normally remains constant or increases. The
exception might be a torsion-sensing strain-gage bridge that may have certain chord lines that decrease in
magnitude. What is seen on the strain-gage bridge numbered SG S270 (fig. 67) appears to be an exception. A root
effect exists inboard of the 0.2 span fraction (20 percent); however, little torsion effect exists outboard from that
fraction. The downward slope could be attributed to load path changes as the load gets farther away from the
strain-gage bridge location. In this case, the load may be transferring to the front and rear spars as the load is
moved toward the wing tip.

The supercritical wing was calibrated with 28 load points. The large number of load points resulted in a
relevancy coefficient calculated to be:

Cg = 0.75
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Figure 67. Influence-coefficient plots for several strain-gage bridges on the Supercritical wing.

Figure 68 shows the distribution of calibration load points in terms of span and chord for the calibration of the
supercritical wing.

F-111 Transonic Aircraft Technology Wing

An F-111A aircraft was retrofitted with a research wing called the F-111 Transonic Aircraft Technology
(TACT) Wing. Appendix A shows the difference between the planform of the regulation F-111A wing and the
research wing. The TACT wing has a shorter wing span and a larger chord that results in a lower aspect ratio than
the regulation wing. Figure 1(1) shows the location of strain-gage bridges and the calibration load points. The wing
has a variable-sweep feature with a moderate-aspect-ratio planform. The wing is constructed with six spars with
five cells and has very complete instrumentation. Thirteen load points were used to calibrate the strain gages. The
data generated from the calibration of the F-111 TACT Wing were obtained from personal files of Aerostructures
Branch personnel at NASA Dryden. Other information has also been published. 7 18

The calibration of this wing warrants being included in this report because of the numerous spars and the very
complete instrumentation in the wing. Figure 69 shows influence-coefficient plots for six shear-oriented strain-
gage bridges. One bridge is shown for each of the six spars, and the strain gages are located on the webs. The
influence-coefficient plots are shown starting at the top left with strain-gage bridge 112 on the front spar and
ending at the bottom left with strain-gage bridge 120 on the rear spar. At approximately the second auxiliary spar
(strain-gage bridge 116), the chord lines tend to converge, which means that the shear center (for example, the axis
along which a transverse force can be applied with no resulting torsion!?) is near this location. Note that the
bridges on the front spars of this wing have a torsional response with the 80-percent chord line at the top of the
plot, and the bridges near the rear have a response with the 80-percent chord line near the bottom of the plot.
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Figure 68. Distribution of load points in the span and chord directions for the Supercritical wing.
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Figure 69. Typical shear strain-gage bridge influence-coefficient plots for the F-111 TACT wing.
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It is obvious that if a strain-gage bridge with a pure shear response is sought, then a likely place to locate shear
bridges is near the shear center. The influence-coefficient plot for strain-gage bridge 116 exemplifies a very good
shear bridge. Locating shear bridges on spars near the shear center is probably a good rule to use on moderate- and
high-aspect-ratio lifting-surface structures. Low-aspect-ratio lifting-surface structures are less likely to exhibit
such a trait.

Figure 70 shows the influence-coefficient plots for two bridges located on the skin between spars. These
bridges are configured and located to sense torsional loads. These two influence-coefficient plots are presented to
illustrate the response of strain-gage bridges located on the skin of the structures. The strain-gage bridge responses
for the influence-coefficient plots shown in figure 71 are typically bending in nature. Strain-gage bridge 102 is
located on the spar caps near the shear center. The bridge appears to sense bending without contamination from
shear or torsion. The influence-coefficient plot for strain-gage bridge 106 shows the bridge to be somewhat
contaminated with torsion, particularly for the load points on the control surfaces. This strain-gage bridge is
located considerably aft of the shear center.

The F-111 TACT Wing was calibrated with 13 load points that resulted in a relevancy coefficient of:

Cg = 0.50
Figure 72 shows the distribution of the calibration load points in terms of spar and chord location.
B-2 Wing

Most of the specific details of the calibration of the B-2 wing remain obscure because of classification
considerations. Enough information is available, however, to extract some valuable information relative to the
science of calibrated strain gages and to current characteristics of airplane load calibrations.

Appendix A shows a plan view of the B-2 aircraft. Figure 1(m) shows the B-2 wing in more detail and where
the calibration load points are located along with the strain-gage bridges. The wing is extensively instrumented
with strain gages. The structural arrangement is very complex, with spars and ribs intersecting obliquely. The load
points are not widely distributed over the s